Background: Genome-wide association studies have not revealed any risk-conferring common genetic variants in Tourette syndrome (TS), requiring the adoption of alternative approaches to investigate the pathophysiology of this disorder.
T ourette syndrome (TS) is a childhood-onset neuropsychiatric disorder characterized by motor and vocal tics with a population prevalence estimated to be 1% to 3% and frequent comorbidity with obsessive-compulsive disorder and attention-deficit/hyperactivity disorder (1) . Twin studies suggest a substantial genetic contribution (2) , but genome-wide association studies have not revealed any risk-conferring common genetic variants (3, 4) . Rare mutations have been identified in two genes (SLITRK1 and HDC), but it remains unclear whether and to what degree these mutations provide insights applicable to the majority of TS cases (5, 6) . Environmental factors and autoimmunity have been also implicated in TS pathogenesis, as maternal smoking (7), low birth weight (8) , familial autoimmune disease, and immune dysfunction (9, 10) are more prevalent in TS patients. In a small proportion of cases, this disorder is associated with an infectious event and accompanied by immunoreactive changes in the peripheral blood (9) .
Changes in volume of several brain regions have been reported in TS (11) (12) (13) (14) (15) ; however, disruptions in corticostriatal circuitry have most consistently been implicated in this disorder [for reviews, see (16, 17) ]. Structural neuroimaging studies revealed a 5% reduction in caudate volume in TS (12) and suggested that smaller caudate volumes in childhood are significantly correlated with persistent symptom severity in adulthood (15) . Postmortem analyses of brain tissue from patients with lifelong TS demonstrated reductions in immunohistochemical markers for cholinergic and parvalbumin ϩ -gamma-aminobutyric acid (GABA)ergic interneurons in the caudate and putamen (18, 19) . However, whether interneurons are lost or whether the cells simply downregulate protein marker expression due to some other unrelated mechanism is unknown.
To analyze the neurobiology of TS in an unbiased fashion, we characterized the transcriptome of the caudate and putamen of nine TS individuals with documented unremitted symptoms compared with nine matched normal control (NC) subjects. Differential gene expression and unbiased, data-driven gene co-expression network analyses allowed us to identify genes and gene networks that distinguish brain tissue of individuals with chronic TS from that of unaffected individuals. Our findings provide the first direct evidence for two separate neurobiological factors playing a role in the disorder, decreased signaling of multiple classes of striatal interneurons and dysregulated activation of the immune system.
Methods and Materials
Subjects TS brain samples of cases with refractory symptoms in adulthood, collected by the Tourette Syndrome Association, were obtained from the Harvard Brain Tissue Resource Center. Samples of normal control subjects were obtained from the Harvard Brain Tissue Resource Center and from the Department of Pathology, Yale University (Table S1 ). Cases with known or suspected neurological diseases and prolonged hypoxia were excluded. Four of the nine pairs were female subjects. There were no statistical differences in age, postmortem interval, or RNA quality between the TS and control groups (Table S1 ).
RNA Isolation, Library Construction, and Sequencing
Dissected regions were stored at À801C until use, when sections were cut at 50 mm. During cryosectioning, prescoring the surface of the block every 150 mm permitted separate collection of the caudate and putamen. Total RNA was isolated using RNeasy Plus Mini kit (Qiagen, Germantown, Maryland) according to the manufacturer's instruction, using 20 mg of tissue per genomic DNA eliminator column. RNA was assessed using Nanodrop spectrometer (Thermo Scientific, Suwanee, Georgia) and Bioanalyzer (Agilent Technologies, Wilmington, Delaware) to check quantity and quality. Paired-end complementary DNA libraries were prepared introducing a six-base sequence index into the adapter at the polymerase chain reaction (PCR) stage of sample preparation for Illumina multiplexed sequencing, according to the manufacturer's specification. Samples were sequenced using an Illumina Hi Seq2000 sequencing machine (Illumina, Inc., San Diego, California) to an average depth of 30 million reads per sample.
RNA-Seq Analyses
Tophat (20) was used to map the reads to the human genome (hg19) and the Gencode V7 (21) annotation. The resulting binary alignment/map (BAM) files were converted to sequence alignment/map (SAM) using SAMtools (22) , sorted and converted to BED for transcript quantification in counts using BEDtools (23) and to mapped read format (MRF) for transcript quantification in reads per kilobase of transcript per million mapped reads (RPKM) using RSEQtools (24) . We then used coverageBed in BEDtools to process the BED files and MRFquantifier in RSEQtools to process the mapped read format files. This resulted in estimated expression levels for about 36,000 genes.
Differential Expression
We used edgeR (25) to assess differential gene expression (DGE) at a false discovery rate (FDR) Ͻ.05. We accounted for matched pair design by using the generalized linear model capability of edgeR. Blocking was applied to individuals in the case of caudate-or putamen-specific differential expression analysis or to both individuals and regions in the case of the analysis of the full dataset. See Supplementary Methods in Supplement 1 for more details.
Co-expression Network Analysis
We used the Weighted Gene Co-expression Network Analysis (WGCNA) package (26) . The analysis produced a network of 20 modules, corresponding to about 12,000 genes. Permutation analysis was used to verify the modules' genes to be coexpressed beyond chance. The WGCNA function userListEnrichment was used to test the modules for overrepresentation in BrainLists, DGE, and copy number variants (CNVs) (see Supplementary Methods in Supplement 1 for details).
Gene Set Enrichment Analysis
We used the Gene Set Enrichment Analysis (GSEA) package (27) to identify the WGCNA modules that were enriched in differentially expressed genes (DEGs). The gene expression matrix was used as input to the package, normalizing the RPKM data by log2 (i.e., log2 [RPKM ϩ .5]) transformation. The network modules were used as test gene sets, according to the format required by the package. The cutoff for significant enrichment was FDR q value Ͻ .05.
Functional Enrichment Analysis
Ingenuity Pathway Analysis (IPA) (Ingenuity Systems, Redwood City, California; www.ingenuity.com) and ConsensusPathDB (28) were used to test differentially expressed genes and WGCNA modules for overrepresentation in Gene Ontologies, Canonical Pathways, Upstream Regulators, and Networks.
Sample Clustering
The function heatmap.2 was used to make the heat map in Figure S1 . We used the Canberra method within the distance function. The DESeq package (29) normalization protocol for count data was used for hierarchical clustering.
Quantitative Real-Time Polymerase Chain Reaction Validation RNA was reverse transcribed using SuperScript III (Life Technologies, Grand Island, New York), and expression levels were evaluated with Applied Biosystems OneStep (Life Technologies) quantitative real-time PCR (qPCR) using SYBR Power Green master mix and a standard protocol that included melting curve analysis. The raw data were normalized to the geometric mean of two reference genes, GAPDH and IPO8. Differential gene expression was determined using the ddCt method (30, 31) . Genes chosen for validation included randomly selected genes, as well as cholinergic-related and inflammatory/immune response-related genes. Primers are listed in Table S2 .
Immunohistochemistry
Formalin-fixed tissue samples from the basal ganglia were sectioned at 50 mm and processed for nitric oxide synthase 1 (NOS1), CD45RO (protein tyrosine phosphatase, receptor type, C [PTPRC]), and ionized calcium-binding adapter molecule 1 (IBA) immunostaining as previously described (19) . Cell numbers were estimated by stereological analyses using Stereoinvestigator (MicroBrightField, Williston, Vermont) as previously described (19) . See Supplementary Methods in Supplement 1 for more details.
Results

Differentially Expressed Genes in the Basal Ganglia in TS
Whole genome transcripts in the caudate and putamen of nine TS subjects and nine matched normal control subjects (Table S1 ) were obtained by RNA-Seq and analyzed for differences between patients and control groups using DGE and coexpression network analysis; for an overview, see Figure 1 . DGE analysis of the combined caudate and putamen dataset (considering n ¼ 9 matched pairs, blocking for individual pairs and for region within each pair; see Methods and Materials) revealed 1131 genes differentially expressed between TS and NC, of which 309 were downregulated and 822 were upregulated (FDR Ͻ .05; Table S3a ). Unsupervised hierarchical clustering of the top 100 differentially expressed genes revealed co-regulated patterns of gene expression across samples with segregation of TS and NC, independent of postmortem interval, RNA quality, medication use, and other confounding variables ( Figure S1 ). Only a single TS subject (TS4) more closely resembled the NCs in the unsupervised hierarchical clustering analysis. This subject had no first-degree relatives with TS but did have a positive history for a number of perinatal risk factors. This observation again provides clear evidence for heterogeneity in the pathobiology and etiology of TS. Validation by qPCR showed the same direction fold change for 13 of 13 genes examined with an overall correlation of .88 between qPCR and DGE; p value: 6.4 Â 10 À5 ( Figure S2 ).
Downregulation of Transcripts Involved in Neuronal
Signaling, Specifically Striatal Interneurons Functional annotation of the downregulated genes by IPA revealed a signature of neuronal signaling dysfunction in the striatum of TS individuals (Tables S4 and S5 ). In the striatum, projection neurons of the direct and indirect pathways comprise at least 70% to 80% of all neurons (32, 33) . The striatum also has four types of interneurons: the tonically active cholinergic neurons, and three classes of GABA interneurons, expressing NOS1/neuropeptide Y (NPY)/somatostatin (SST), parvalbumin (PVALB), or CALRETININ (CALB2 or CR) (34, 35) . To find out whether transcript downregulation was specific for particular neuron types, we performed manual classification of the DGE according to neurotransmitter class (Table 1) . Genes encoding for abundant neuropeptides expressed by striatal projection neurons, such as prodynorphin and tachykinin precursor 1, were not changed, whereas there was significant downregulation for genes related to cholinergic interneurons, including acetylcholine neurotransmitter synthesis and transport (CHAT, SLC5A7, SLC18A3), cholinergic receptors (CHRM2), and the homeodomain genes LHX8 and GBX2, critical for the development of forebrain cholinergic neurons (36) (37) (38) (Table 1) . Several genes related to striatal GABAergic interneurons also showed reduced expression, including NOS1, NPY, and SST but not PVALB, CALB2/CR (Table 1) .
Previously, we reported decreased numbers of cells immunostained for CHAT and PVALB in the striatum of TS; however, NOS/ NPY/SST interneurons were not assessed (19) . Hence, we quantified the density of immunohistochemically identified NOS1 ϩ cells in series of postmortem tissue sections from seven TS and seven control cases, three of which were new cases and four that had been also evaluated using RNA-Seq. We found a significant decrease in NOS1 ϩ interneurons both in the caudate (À37.6%, EdgeR is applied to counts to infer differential gene expression (DGE). Weighted Gene Co-expression Network Analysis, or WGCNA, in combination with Gene Set Enrichment Analysis, or GSEA, is applied to RPKM to infer modules of co-expressed genes enriched in differentially expressed genes. FDR, false discovery rate; immuno, immunohistochemistry; qPCR, quantitative real-time polymerase chain reaction. (Figure 2A-C) , confirming the transcriptome analyses. No significant change in PVALB transcripts was detected in the transcriptome. However, we detected a 75% decrease in messenger RNA for potassium voltage-gated channel subfamily C member 1 (KV3.1) (KCNC1) approaching statistical significance (FDR ¼ 6.8E-2). KCNC1 is a potassium channel selectively expressed by PVALB interneurons that confers fast re-polarization and high firing properties typical of these cells (39) (40) (41) (42) . Additional GABAergic signaling genes downregulated in TS included the GABA synthetic enzyme glutamate decarboxylase 1 (GAD1) and several GABAergic receptor subunits ( Table 1) .
Upregulation of Transcripts and Proteins Related to the Monocyte/Microglia Lineage
Functional annotation of the genes upregulated in TS by IPA revealed inflammatory response and immune cell development and trafficking signatures (Tables S4 and S5 ). Upregulated transcripts included tumor necrosis factor alpha, interleukin (IL)-6, and IL-12, previously found altered in TS in peripheral studies (43) ; tolllike receptors that modulate regulatory T cell function; several major histocompatibility complex class II molecules; immunoglobulin chains; and several chemokine (C-C motif) receptor tumor necrosis factor-, and IL-family cytokines that have been implicated in autoimmune disorders. Pathway analysis conducted with MetaCore (Thomson Reuters, New York, New York) yielded results similar to IPA for both upregulated and downregulated transcripts (Table S6) .
We considered the possibility that an infiltrate of immune cells from the periphery might explain the upregulation of immune transcripts in brain. However, the transcriptome data did not show a significant upregulation of B cell and T cell specific transcripts, whereas the messenger RNA for phosphotyrosine phosphatase C (CD45/PTPRC), a transcript expressed by all differentiated hematopoietic cells including lymphocytes, monocytes, and macrophages (44) , was increased by approximately twofold in TS brains (Table S3c) . We examined PTPRC ϩ cells in the caudate of TS and control brains by immunohistochemistry. We found a significant increase in density of PTPRC ϩ cells in TS (ϩ153%, p ¼ 7.30E-3) (Figure 2D-F) . As several microglia-related transcripts (IBA, CD68) were upregulated in TS subjects, we considered that increased number of cells of the macrophage/ microglia lineage might be underlying the inflammatory changes. Evaluation of IBA protein expression in the caudate revealed no change in the density of IBA ϩ cells (data not shown). However, we found a significant decrease in IBA ϩ cell body size (p ¼ 1.27E-2) and process length (p ¼ 2.53E-2), indicative of microglia activation ( Figure 2G-I) . Together, the results suggest that the primary source of inflammation may be activated brain microglia, although we cannot exclude the involvement of other cells, i.e., peripheral monocytes.
We next intersected our 1131 DEGs with existing microarray transcriptome studies, three in blood (45) (46) (47) and one in the putamen (48) . We found that not much overlap exists between our DGE discovered by RNA-Seq and previous microarray studies in TS tissue. Of the 10 genes found to be nominally differentially expressed in the putamen of three TS brains in the Hong et al. study (48) (see their Table 4 ), only PTP4A3 was significantly changed in our dataset, and of the 13 genes found to be nominally differentially expressed in the TS blood by exon array (49) (see their Supplemental Table 1 and Supplemental Table 2) , only one gene, MYO7A, intersected with our dataset. None of the 51 genes nominally differentially expressed in the second blood study (46) (see their Supplemental Table 1 ) intersected with our dataset. Finally, of the 14 genes significantly differentially expressed in the third TS blood study (45) (see their Table 1) , only one gene, LILRA3, intersected with our 1131 DEGs.
Differentially Expressed Genes in the Caudate and Putamen in TS
In addition to performing a combined analysis, we also analyzed separately the caudate and putamen to identify possible region-specific contributions to the overall signature. We found 434 DEGs in the caudate and 368 in the putamen (FDR Ͻ .05; Table S3b and c). Intersection of the DEGs between the caudate and putamen (see Venn Diagram in Figure S3 ) revealed 198 DEGs specific to the caudate and 132 specific to the putamen (Table  S7a) , hinting at a possible differential regional involvement of these regions in the disease. Functional analysis of the regionspecific lists (listed in Table S7a ) showed strong involvement of the caudate-specific DEGs in immunological disease, inflammatory response, cell-to-cell signaling and interaction (Table S7b) and a moderate involvement of the putamen-specific DEGs in neurological disorders, cell-to-cell signaling/interaction, and tissue morphology (Table S7c) . However, intersection of the DEGs from the caudate, putamen, and combined analysis (see Venn Diagram in Figure S3 ) revealed that analyzing the caudate and putamen in isolation, as compared with the overall combined analysis, identifies, respectively, only 18 and 27 DEGs (Figure S3 ), suggesting that the combined analysis captures most of the individual region DEGs and, as expected, produces about 600 to 700 more DEGs as a consequence of the increased power, thus allowing more discovery. In conclusion, while the difference in DEGs between caudate and putamen may be a true biological signature, we cannot rule out the possibility of a statistical artifact due to lower number of samples. We therefore focus on the combined dataset throughout the rest of this article.
Co-expression Network Analysis
Preliminary analyses suggested that the level of gene expression for CHAT was strongly correlated with that of other cholinergic genes (Pearson's mean r ¼ .71), as well as with GABAergic genes (Pearson's mean r ¼ .74), including GAD1, several GABA receptor subunits, NOS1, NPY, and SST, across all TS subject and control subjects. In contrast, the correlation between CHAT and immune system-related transcripts displayed a poor correlation coefficient (Pearson's mean r ¼ .16) ( Figure S4 ).
We next used network inference and analysis to explore in an unbiased fashion correlations among transcripts that may provide clues to disease pathogenesis. To this end, we applied WGCNA (26) to the entire transcriptome dataset (see Figure 1 for an overview of the analyses). This analysis yielded 20 modules where transcripts in each module were significantly correlated in overall pattern of expression across all samples. After permutation analysis, 17 modules of co-expressed genes remained significant (FDR Ͻ .05; Table S8 ).
To test whether the WGCNA modules were differentially expressed between TS and NC, we performed GSEA (27) , where the modules were used as test gene sets and gene expression levels were used as input. Ten modules were significantly enriched in upregulated or downregulated genes ( Table 2;  Table S9 ). Their member genes, together with their fold change in expression in TS versus control subjects from DGE analysis, are listed in Table S10 . Two modules, magenta and turquoise, were the top scoring upregulated and downregulated modules by GSEA normalized enrichment score (Table S9 ). As expected, the magenta and turquoise modules showed the strongest statistical overlap with the upregulated and downregulated genes resulting from DGE analysis: 297 of the 822 upregulated genes were in the magenta module (p ¼ 2.5E-318), while 116 of the 309 downregulated genes were in the turquoise module (p ¼ 3.4E-43) (Table S11) .
We next examined the biological role of the 10 differentially expressed modules by enrichment analysis for brain-related cell types and diseases using the BrainLists database from WGCNA, as well as for Gene Ontology and Canonical Pathways categories using GO:Biofunctions, CP:KEGG, and CP:Reactome from ConsensusPathDB (28) . The modules' biological classifications are summarized in Table 2 and described in detail in Tables S12 and S13. There were two neuronal modules, turquoise and blue, which were the two top scoring downregulated modules in TS. The turquoise module was enriched in PVALB cell type categories and various neurotransmission-related biofunctions (i.e., glutamatergic, dopaminergic, GABAergic, and cholinergic synapses, calcium and potassium channels); indeed, the majority of the striatal interneuron-related transcripts in Table 1 are members of the turquoise module. The blue module was enriched in cellular catabolic pathways and protein ubiquitination. The magenta module, the top scoring for upregulated genes, was enriched in microglia cell type categories and immune-related pathways. There were two astrocyte modules, the purple and the lightcyan; the first was enriched in cell adhesion and astrocyte-related metabolic pathways, whereas the second was enriched in protocadherin-gamma molecules (Table 2 and Tables S12 and S13) .
To understand whether the DGE genes impact specific subgroups or more connected genes within modules, we estimated the gene scaled intramodular connectivity (26) and on this basis determined the 10 genes that were most connected to all the other genes within each module (hub genes) (shown in the center of each module in Figure 3 ). We found that the microglia/ immune module (magenta) is perturbed dramatically at gene expression level, with many highly interconnected genes, including the hub genes, being overexpressed ( Figure 3, red color) . Conversely, the gene expression changes in the turquoise, blue, lightcyan, and purple modules involved nonhub, less interconnected genes (Figure 3 , red and blue colors for overexpressed and underexpressed genes, respectively).
Lack of Correlation between Interneuron-Related and Immune-Related Gene Expression
To reveal how modules interact within the network, we first computed the eigengene, which is the first principal component of a module's member genes expression levels. We then applied hierarchical clustering to the 17 modules' eigengenes ( Figure S5 ) and found that the two astrocytes modules, lightcyan and purple, formed a distinct group. Furthermore, the two neuronal modules, turquoise and blue, enriched in interneuron and neuronal catabolism biofunctions, respectively, clustered together, whereas the microglial module (magenta) significantly correlated with the nucleus (green), transcription (red), and oligodendrocyte (tan) modules but was quite independent from the neuronal and astrocyte modules. This confirms the previous suggestion that the immune response may be decoupled from the changes in interneurons. The overall network between the modules, where the nodes are modules and edges are the significant correlations, is represented in the center of Figure 3 .
Significant Overlap of Genes Revealed by Co-expressed Network Analysis with Previous TS Genomic Study
To gain further insights into the present findings on the transcriptome, we overlapped our DGE and WGCNA findings with the list of genes intersecting rare CNVs from a family-based TS study (50) . We first intersected the CNV genes from the TS group with the ones from the NC group, identified the common genes, and generated a list of TS-specific, NC-specific, and common CNV genes, which we then used for subsequent analysis. We found that only the TS-specific CNV genes, and none of the common or NC-specific genes, overlapped with our datasets. Remarkably, Modules are shown in decreasing order of GSEA normalized enrichment score (see Supplementary Table S8) for each of the downregulated or upregulated groups. The Biological Classification column lists the most significant lists from overrepresentation analysis using list categories shown in the Database column. Their sources are WGCNA for BrainLists and ConsensusPathDB (28) for GO:Biofunction and Canonical Pathways. Corrected p value: FDR corrected p values.
CP, Canonical Pathways; FDR, false discovery rate; GO, Gene Ontology; GSEA, Gene Set Enrichment Analysis; NA, not applicable; WGCNA, Weighted Gene Co-expression Network Analysis.
only the turquoise (interneurons) and the lightcyan (protocadherin-gamma/cell adhesion) modules significantly overlapped with TS-specific CNV genes (p Ͻ 3.1E-3 and p Ͻ 3.1E-8, respectively), whereas no enrichment was found for any other module, including the magenta, which was the top-scoring module for upregulated genes. The TS CNV genes in the lightcyan module intersected the gamma-protocadherin hub genes (Figure 3, squares) . In contrast, CNVs in the turquoise module involved more peripheral, less interconnected genes ( Figure 3,  squares) ; however, differently than the lightcyan, these CNVs genes included many genes that were differentially expressed (blue and red squares), suggesting significant convergence of DGE, gene network, and CNV analyses in the turquoise module.
Discussion
Here, we performed the first unbiased and comprehensive characterization of gene expression changes in the basal ganglia of patients with TS. We identified 1131 differentially expressed genes in the striatum of individuals with lifelong TS. In comparison, fewer differentially expressed genes were found when caudate and putamen were analyzed separately, and even fewer were specific to each region, suggesting that biological changes are mostly shared across the striatum. We were unable to confirm that transcripts previously found to be nominally differentially expressed in the blood in a subset of TS subjects were differentially expressed in the basal ganglia of the nine subjects included in this study. The observed lack of overlap with previous studies in blood further stresses the need to analyze brain samples, as opposed to blood samples (45) (46) (47) . There was only one gene overlapping with a previous microarray study of the TS putamen, where 10 genes were nominally differentially expressed in three TS subjects (48) , possibly reflecting the low sample size of their study. Interestingly, we obtained a much higher yield in differential gene expression despite a still limited number of brain samples (n ¼ 9 matched pairs, two regions each). This reflects, in part, the careful sample selection and experimental design and, in part, the increased power of RNA-Seq over microarray analyses. Co-expression network analysis, a well-known and established data reduction technique, also addresses power issues, by reducing the dimensionality of the problem from tens of thousands of genes to a few modules of co-expressed genes. The fact that our results are consistent across different, yet complementary, data analytical approaches (i.e., DGE and WGCNA) supports the idea that the number of samples in our study is sufficient to infer differences between the Tourette and NC. Hierarchical clustering revealed segregation of gene expression differences according to diagnosis but not drug treatment, comorbidities, postmortem interval, and RNA quality. Nevertheless, the small sample size limited our ability to control for these variables and future studies will need to consider these potentially confounding factors. Notably, our correlation between qPCR and RNA-Seq was close to .9, in good agreement to previous comparative reports of the two methods, wherein correlation analysis and sometimes additional validation subjects were employed due to the intrinsic higher variability of qPCR assays (51) (52) (53) (54) . WGCNA identified eight downregulated modules and two upregulated modules in TS. The two top-scoring downregulated, turquoise and blue, were characterized, respectively, by interneuron signaling and neuronal catabolic pathways. The two upregulated modules, magenta and purple, were characterized, respectively, by microglia signaling and astrocyte metabolic pathways ( Table 2 ). The fact that the turquoise module, enriched for genes critical for neurotransmitter production, signaling, and function of cholinergic and GABAergic interneurons, was the most significantly enriched in downregulated genes is consistent with immunohistochemical findings suggesting that striatal interneuron proteins are decreased in TS. While two of these classes of interneurons were previously reported to be decreased in TS based on antibody labeling of one or two identifying proteins (19) , the current data show that multiple genes involved in the comprehensive function of these cells are decreased, providing the first confirmation that indeed cholinergic and GABAergic interneurons may be functionally immature or missing in TS. Although GABA interneurons represent less than 4% of the total neuron population in the striatum (19, 55, 56) , they exert a prominent role in feed-forward inhibition driven by corticostriatal input, which predicts that their reduction can result in severe disruptions to cortically driven internal striatal activity and ultimate circuit output (57, 58) .
Unexpectedly, a module greatly enriched in inflammatory response transcripts (magenta) was the most significantly enriched in upregulated genes. This finding is intriguing, given previous reports describing peripheral immunological changes in TS patients (43, (59) (60) (61) (62) . It is important to note that the cases used in this study did not meet criteria for pediatric autoimmune neuropsychiatric disorders associated with streptococcal infection (63) (64) (65) or pediatric acute onset neuropsychiatric syndrome (66-68). We did not find any evidence for a white cell infiltrate in brain tissue, but rather, the changes were consistent with a macrophage/monocyte mediated inflammatory response, supported by an increase in cells positive for the generic marker PTPRC and local reactive microglia within the brain.
A possible hypothesis linking the above findings is that an intrinsically upregulated immune response in striatal tissue is the cause of the neuronal dysfunction, either because interneurons may be directly killed by the immune cells or because of secondary inflammatory alterations. Another possibility is that immune activation would be the consequence of neuronal dysfunction, i.e., secondary to interneuron death. Against both hypotheses is the fact that the transcripts in the magenta microglial module were not correlated with those in the turquoise interneuron module, suggesting that the immune and neuronal events were not causally related to each other. Instead, the magenta module was most correlated with two modules with "nucleus" and "transcription" functional annotations, whereas the turquoise neuronal module was most correlated with the other neuronal module (blue), functionally annotated by catabolic pathways and protein ubiquitination suggesting that neuronal demise may be secondary to metabolic alterations.
Interestingly, only the turquoise interneuron module and lightcyan protocadherin module (but not the magenta immune module) were significantly enriched in genes implicated in the etiology of TS by the largest CNV study published in TS patients to date (50) . These two modules, however, are not correlated with each other: the turquoise is most correlated with the blue neuronal catabolism module, as mentioned above, while the lightcyan module is most correlated with the other astrocyte module (purple), which is enriched in organic acid metabolism as well as cell adhesion (Table S13) , suggesting a unique role for astrocytes in TS pathogenesis. Furthermore, differently than in the lightcyan module, the CNV genes in the turquoise module include many differentially expressed neurotransmitter-related transcripts (i.e., CHAT, several GABA receptors, and the high affinity choline transporter). This convergence again emphasizes that genes in the turquoise module may provide fundamental clues in TS etiology/pathogenesis. The microglia/immune module (magenta) had widespread perturbation in gene expression levels, including many hub gens, yet lacked overlap with CNV genes. This may reflect a downstream effect of the disease, although it cannot be excluded that any undetected genetic defect may be present at the level of the regulators of transcripts within this module. Overall, the lack of correlation between the magenta and the other differentially expressed modules that are enriched in genes overlapping with CNVs suggests that immune and neuronal events are not pathophysiologically dependent on each other; however, we cannot exclude that a previous relationship might have existed developmentally. Specifically, it is worth noting that microglia are intimately involved in circuit formation during central nervous system development and circuit refinement (69) .
In summary, a convergence of results from DGE and network analyses of the present transcriptome data, together with CNVs previously implicated in TS, strongly implicates disrupted basal ganglia neuronal signaling, particularly interneurons (i.e., cholinergic and NOS1 ϩ -GABAergic populations) in the pathophysiology of severe, persistent TS and suggests that metabolic alterations may be linked to their death or dysfunction. Concomitantly, but decoupled from the neuronal changes, we found a significant increase in immune and inflammatory transcripts that appear to be endogenous to the central nervous system. Developmentally relevant modeling may help us to untangle the cause-effect mechanisms underlying these phenomena.
